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(57) Les flux d'aUmentation en gaz r^actant des piles d 
combustible h. Electrolyte polym^re solide peuvent 6tre 
r^hauff6s et humidifies respectivement au moyen de la 
chaleur d6gag6e par la pile et parla vapeur d'eau 6vacu6e 
par le syst6me d'dlimination de I'eau. La chaleur et la 
vapeur d'eau du flux d'^vacuation de comburant 
suffisent ^ chauffer et k humidifier le flux d'alimentation 
«i gaz r^actant, de preference le flux d'alimentation en 
comburant. Le chauffage et I'humidification peuvent 


(57) Reactant gas supply streams for solid polymer fuel 
cells may be heated and humidified using heat generated 
by the fuel cell and water vapor from the fuel cell 
exhaust. The heat and water vapor in the oxidant exhaust 
stream are sufficient to heat and humidify a reactant gas 
supply stream, preferably the oxidant supply stream. The 
heating and humidifying can be accomplished by 
flowing a reactant gas supply stream and a fuel cell 
exhaust gas stream on opposite sides of a water 
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atre rdalis^s en faisant circuler le gaz rdactant et le gaz 
d^^chappement de la pile d combustible de part et d'autre 
d*une membrane permeable a Teau dans un appareil 
d'dchange de chaleur et d'humidification combing. La 
m6thode et le dispositif objets de I'invention 
conviennent particuli^rement aux piles d combustible 
refroidies d Tair et aux piles dont le comburant est de 
Pair sous pression proche de la pression ambiante. 


permeable membrane in a combined heat and humidity 
exchange apparatus. The method and apparatus are 
particularly suitable for use with air-cooled fuel cell 
systems and systems which employ near ambient 
pressure air as the oxidant gas supply. 


Industrie Canada Industry Canada 


CA 02242176 1998-06-30 


SOUD POLVMER FUEL CELL SYSTEM AND METHOD FOR HUMTOIFWNG 
AND ADJUSTING THE TEMPERATURE OF A REACTANT STREAM 

ABSTRACT 

R«"«>m g>s sqiply strems for soBd polymer Sid cells may be he^ md 
humidified using I,e« g,a^ by fte (W edi «d w«.r vapor ftom tt« ftel ccU 

h«n«duy.re.c«g.s supply s.,^p„f^,ya,eoxidsn. supply 

«»^h™udUymgc.nbe««,mpUshcd by flowingaieacun, gas supply stre^sM.fi..^ 
cele,d»us.gas«,e,mo„opposi«sidesof.«a,.rp.m,e.blem«„br«»m.c^^ 

he- ««1 humidio, exch^ige appsrams. The m«hod and .pp«««i „ partculariy 
"^for use «U „„ ^ ^ ^ 

pressure air as the oxidant gas supply. 
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SOLID POLYMER FUEL CELL SYSTEM AND METHOD FOR HUMmiFYING 
AND ADJUSTING THE TEMPERATURE OF A REACTANT STREAM 


S Cross-Referenee ti* R«.|p«>d AppHcjiflftw 


This qiplication is related to and claims priority benefits from benefit of U.S. 
Provisional Patent Application No. 60/051,356. filed June 30, 1997, entitled "Method 
And Apparatus For Humidifying And Adjusting The Temperature Of A Reactant Stream 
For A Solid Polymer Fuel Cell" which is incorporated by reference herein in its entirety. 

Field Of Thftfnv^^tiftn 


The present invention relates to a soUd polymer fuel cell system and a method for 
humidifying and adjusting the temperature of a reactant gas stream therefor. More 
particularly, the invention relates to a fiiel cell system and method in which heat 
generated by the fuel cell and water vapor in a reactant stream exhausted from a fuel ceU 
are used to heat and humidify a reactant gas stream prior to introduction into the fuel cell. 
The invention is particularly suitable for air-cooled fiiel cell systems or systems which 
employ near ambient pressure air as the oxidant gas supply. 

BackPround Of ThP fnvi.n*fffn 


In solid polymer fuel cells which employ an ion exchange membrane (typically a 
25 proton exchange membrane) as the electrolyte, the water content of the membrane affects 
the performance of the fiiel cell. The ion conductivity of the membrane generally 
increases as the water content or hydration of the membrane increases, therefore it is 
desirable to maintain a sufficienUy high level of hydration in the membrane during fiiel 
cell operation. For this reason, the reactant streams are typically humidified prior to 
30 introduction into electrochemically active regions of the fuel cell. 
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The capacity of reactant gases to absorb water vapor varies significantiy with 
changes in temperature and pressure. Therefore, it is preferred to humidify th reactant 
gas streams at or as near as possible to the operating temperature and pressure within the 
fuel cell. If the reactant gas is humidified at a tempcmture higher than the fuel cell 
operating temperature this can result in condensation of liquid water occurring when the 
humidified reactant gas enters the fuel cell. Condensation may cause flooding in the 
electrodes which may detrimentally affect fuel cell performance. Conversely, if the 
reactant gas stream is humidified at a temperature lower than the fuel cell operating 
temperature, the reduced water vapor content in the reactant gas stream could result in 
membrane dehydration and damage to the membrane. Thus, the reactant streams are 
often heated and humidified prior to introduction into the fiiel ceU. 

Various approaches have been used to increase the humidity of reactant gas 
streams supplied to fuel cells. For example, some conventional soUd polymer fiiel cell 
systems humidify a reactant gas stream by flowing the reactant gas stream and liquid 
water on the opposite sides of a water-permeable membrane. Water fi^om the liquid 
stream is transferred through the membrane, thereby humidifying the reactant gas stream. 
The pressure, temperature, flow rates and path length through the liquid water-to-gas 
humidifier can be adjusted to give the desired water vapor content in the reactant stream. 
The water is preferably de-ionized to prevent ionic contamination of tiie fiiel cell 
membrane electrolyte. 

For example. U.S. Patent No. 5,547,776 discloses a fiiel cell system which 
includes a membrane humidifier for a reactant gas stream with the humidifier preferably 
using de-ionized liquid water. 

Such liquid water-to-gas humidifiers are commonly used in solid polymer fiiel 
ceU systems in which water is used as a cooling fluid, as tiie cooling water is a convenient 
source ofwater for the humidifier. Japanese Patent Publication No. 09-055218. for 
instance, teaches membrane humidification of the reactant gas supply stream using the 
wami water of the liquid coolant. The humidifier employed may be a separate module in 
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the solid polymer fuel ceU system. Alternatively, it may be incoipoiated as an assembly 
in the fuel cell stack itself; such as between th end plates f fuel cell stack. U.S. Patent 
No. 5,382.478 disci ses such an assembly in the fiiel cell stack wherein a liquid water-gas 
humidification section is located upstream of the electrochemically active section of the 
5 fuel ceU. U.S. Patent No. 4.973,530 shows another embodiment comprising a Uquid 
water-gas humidification section. In fact, the humidification section can be even more 
closely associated with the electrochemically active section of the fuel cell stack. For 
instance. PCX fotemational Publication No. WO 96/24958 shows that humidification 
sections can be created by leaving portions of the electrode sur&cte uncoated with 

10 catalyst Thus, humidification of the anode stream by the cathode stream can occur 
across the membrane electrolyte material in these areas. However, these uncoated 
portions are not electrochemically active and thus represent ineflScient use of electrode 
and polymer electrolyte membrane surface area. 

The reactant streams exiting the fuel cell or fiiel cell stack typically contain 

1 5 product water, as well as water vapor which was present in the humidified stream 

delivered to the fuel cell. In particular, the oxidant stream, as it travels through a fuel 
cell, absortjs water that is produced as the product of the electrochemical reaction at the 
cathode. 

In some fuel cell systems, the product water &om the fuel cell is condensed from 
20 the exhaust reactant streams and is collected and then used for reactant stream 

humidification and/or cooling of the fuel ceU. In such systems, the water in the exhaust 
streams is typically collected in the liquid phase and is generally combined with a larger 
liquid cooling water supply as shown, for instance, in U.S. Patent No. 5.200,278. 

Other conventional approaches for humidification of reactant gas streams prior to 
introduction into fuel cells include the injectibn of water vapor or atomized water droplets 
into the reactant streams (as shown, for instance, in U.S. Patent No. 5,432.020), and 
exposing a reactant gas stream direcUy to water in an evaporation chamber to pcmiit the 
stream to absorb evaporated water. Japanese Patent Publication No. 07-176313 shows a 


25 
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fuel cell system where pure water is used to humidify the rcactant gas supply streams and 
where the xidant stream exhaust is used to heat th inc ming oxidant wactant gas stream 
in ah at exchanger. 

SoUd polymer fuel cell systems arc typicaUy liquid-cooled rather than air-cooled 
if higher power densities (power output o^ability per unit volume) are required. TTie 
reason is that their cooling systems must shed a significant amount of heat at relatively 
low temperature (circa 80» C) with respect to ambient temperature . In addition, the use 
of Uquid- as opposed to air-cooling allows the fuel cell stack cooling channels to be made 
smaller and hence a lower overall stack volume can be obtained. However, air-cooled 
fuel cell systems may be preferred in many plications where power density is less 
important. However, for humidification pmposes. such air-cooled systems cannot rely on 
the coolant as a supply of water. 

It is weU known that transport across a semi-permeable membrane is substantially 
more efificient firom the Uquid phase than from the gas phase. Nonetheless, it is also well 
known that a significant, but lesser, transfer of species can take place across a suitable 
semi-permeable membrane, fiom the gas phase, even against an absolute pressure 
differential, as long as there is a significant partial pressure difference of the species 
across the membrane. For instance. U.S. Patent No. 3.494,1 74 discloses a semi- 
permeable membrane exchange apparatus for transferring species from one gas stream to 
another, against an absolute pressure difference, for use in gas chromatographs. However. 
predominanUy gas-gas phase membrane exchange humidifiers have generally not been 
contemplated for use in humidifying the rcactant gas supply streams of fuel cells. 
Presumably, the heating and humidity requirements for fuel cell reactant gas supply 
streams were not viewed as achievable in gas-gas humidifiers. 

In fiiel cell systems which employ conventional reactant gas supply humidifiers, 
the desired heating of the supply stream may be accomplished simultaneously with the 
humidifying. For instance, heat is exchanged across the membrane in any liquid water- 
gas membrane humidifier supplied with warm liquid water from the circulating coolant. 
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Sometimes it is not necessaiy to use a humidifier to introduce water vapor into 
both the oxidant and fiiel reactant streams. In systems in which the reactant gas is 
partially or fully recirculated through the fuel cell stack, it may not be necessary to 
humidify the additional fresh gas sixeam which is also supplied, if the product water 
carried back to the inlet by the recycled stream is sufficient to maintain adequate 
hydration of the ion exchange membrane. U.S, Patent No. 5,543.238 illustrates partial 
recirculation of the fuel ceU exhaust gas to heat and humidify the incoming reactant 
stream. Additional apparatus for pcrfotming the recirculation is necessary however, hi 
direct methanol fuel cells, the methanol fuel stream may be supplied as a dilute aqueous 
solution in which case further humidification of the fuel stream is not required. Similarly 
hydrogen-containing refoimate streams (obtained, for example, by reforming a fuel such 
as methanoi. natural gas or butane), which may be supplied as the fuel stream to a fuel 
cell. typicaUy contain sufficient residual water vapor from the refiwming process. 

While many varied fuel cell systems appear in the art, typically at least the 
oxidant gas supply stream is humidified and heated prior to introduction into a fuel cell. 
The required humidification and heating apparatus typically adds to the complexity of the 
fiiel cell system, as it generally includes additional system components, such as a 
humidification water pump, piping, water reservoir and filtration unit, in addition to the 
humidification module and heater. It can also add to the parasitic load of tiie system as 
power is required for operating pumps and heating the sti-eam. 

Accordingly, a simpler and more energy efficient means for pre-heating and 
humidifying reactant supply streams in a soUd polymer fiiel ceU systems is desirable. 

Summary Of The Tnvpn*i/>» 

In tfie present method for humidifying and adjusting tiie temperature of a reactant 
gas stream supplied to a solid polymer fiiel cell, an exhaust reactant stream from a fiiel 
cell is used to heat and humidify a reactant stream supplied to the fiicl cell. The method 
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is particularly suitable for use in conjunctioa with a fuel cell in which the electrochemical 
reaction is exothomic and produces wator. In this case, exhaust reactant streams exiting 
the fuel cell wiU typically be wanner and have a higher partial pressure of water vap r 
than the si^ly reactant streams. 
5 The reactant gas supply streams for a soUd polymer fuel cell include a fuel supply 

stream and an oxidant supply stream that are supplied to fuel and oxidant inlet ports of 
the fuel cell respectively. The solid polymer fiiel cell also typically has both a fuel 
exhaust stream and an oxidant exhaust stream exiting the fuel cell via fuel and oxidant 
exhaust ports, however one of the reactants may be essentially dead-ended with optional 
1 0 inteimittent venting of inert components. A method for heating and humidifying a 
reactant gas supply stream for the fuel cell then consists essentially of: 

a) providing a combined heat and humidity exchanger comprising a supply 
stream chamber, an exhaust stream chamber, and a water pomeable 
membrane s^arating the two chambos; 

15 b) directing the reactant gas supply stream through the supply stream chamber 

upstream of the fuel cell reactant gas inlet port; and 
c) directing the reactant gas exhaust stream from the reactant gas exhaust port 
through the exhaust stream chamber 
whereby water and heat are transferred from the reactant gas exhaust stream to the 
reactant gas supply stream across the water pemieable membrane. The reactant supply 
sfream is thus heated and humidified before entering the fuel cell. 

Preferably, the oxidant supply stream is the reactant gas supply stream which is 
heated and humidified. (Indeed, in certain fiiel cell systems, the fiiel supply stream is not 
humidified at all.) The method is particularly suitable for fuel <yjll systems which employ 
25 near ambient pressure air (i.e. below about 300 mbar pressure) as the oxidant gas supply. 
As no liquid water supply is needed for humidifying the reactant gas supply stream, the 
method is also particularly suitable for fiiel cell systems which are air-cooled. 


20 
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Fjirther. the exhaust stream preferably used to heat and humidily the reactant gas 
supply stream is the oxidant exhaust stream. Thus, a prefcned embodiment involves 
heating and humidi^ the oxidant supply stream using the oxidant exhaust stream. In 
such an embodiment, it may be desirable to set the flow rate of the oxidant supply stream 
in the range of fiom about 6 to 90 L/minute in order to obtain efficient transfer of water 
vapor and heat across the water permeable membrane. 

Generally, in order to obtain efHcient transfer of water vapor and heat fiom an 
exhaust sjream to the supply stream across the water permeable membrane, it is desirable 
to direct these streams on opposite sides of the membrane in a comiterflow configuration. 
Further, it is desirable to employ other design features in the combined heat and humidity 
exchanger construction and to set the relevant system operating parameters, including the 
flow rates of the selected reactant gas supply stream and exhaust stream, such that the 
transfer of water vapor and heat is generally more efficient. 

A jdimensionless parameter, herein denoted as R, may be usefiil in selecting 
design features and operating parameters for efficient water vapor and heat transfer. R is 
defined ajj the residence time to diffiision time raticfor a water molecule in a chamber in 
a combined heat and humidity exchanger or CHHE. Herein, the diffusion time is defined 
as the time it takes for a water molecule to diffuse over the depth of a given chamber to 
the membrane in the CHHE. The residence time is the mean time that a water molecule 
spends in a given chamber. Empirically, it has been found that R is preferably in the 
range fiom about 0.75 to 3 for water molecules in either the supply stream or exhaust 
stream chambers. Preferably R is in this range for water molecules in both chambers. 

A soUd polymer fiiel cell system includes a solid polymer fiiel cell and apparatus 
for heating and humidifying a reactant gas supply stream. The reactant gas supply stream 
can be either a fiiel supply stream or an oxidant supply stream of the fiiel cell. The fiiel 
and oxidai^t supplies are fluidly connected to fiiel and oxidant inlet ports of the fiiel cell 
respectively. The fiiel cell system also has at least one reactant gas exhaust port. An 
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apparatus for heating and humidifying the reactant gas stream is a combined heat and 
humidity exchanger, CHHE. consisting essentially of: 

a) a si^ly stream chamber having an inlet and outlet wherein fhc reactant gas 
supply is fluidly connected to the supply stream chamber inlet, and the supply 
stream chamber outlet is fluidly connected to a reactant gas inlet port of the 
fiiel cell; 

b) an exhaust stream chamber having an inlet and outlet wherein a reactant gas 
exhaust port of the fuel cell is fluidly connected to the exhaust stream chamber 
inlet; and 

c) a wat«: permeable membrane separating the supply stream chamber and the 
exhaust stream chamber whereby water and heat can be transferred from a 
reactant gas exhaust stream to the reactant gas supply stream across the water 
permeable membrane. 

As above, the reactant gas supply stream in a prefetred solid polymer fuel cell 
system is the oxidant supply stream and the oxidant exhaust stream is the preferred 
reactant gas exhaust stream. Thus, the system is configured so that in operation the 
oxidant supply stream is heated and humidified by its own exhaust. 

The basic constniction of a CHHE can be conventional. The water permeable 
membrane therein has oppositely facing major surfaces, and the reactant gas to be 
20 suppUed to the solid polymer fiiel cell is directed in contact with one surface of the 

membrane while simultaneously the desired exhaust stream from the fuel cell is directed 
in conUct with the opposite surface of the membrane. Preferably, the streams are directed 
on opposite sides of the membrane in a counterflow configuration. Prior to contacting the 
membrane, the reactant gas supply stream has a lower temperature and a lower partial 
25 pressure of water vapor than the exhaust reactant gas stream. Water and heat are 

transfemsd through the membrane fi-om the exhaust reactant gas stream to the supply 
reactant gas stream. 


IS 
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^ Preferably the mcmbiane is impenneable t the icactant. and more preferably is 
substantiaUy gas impenneable. This prevents reactant portions of the supply and exhaust 
streams from intennixing. Suitable membrane materials include cellophane and 
perfluorosulfonic acid membranes such as Nafion®. 

The CHHE is preferably external to the soUd polymer fuel cell and may comprise 
multiple supply chambers and/or exhaust chambers. THe supply reactant stream may be 
directed through the supply chambers in parallel or in series, and the exhaust reactant 
stream may directed through the exhaust chambers in parallel or in series. 

A CHHE may be connected to a fuel ceU stack, ormay be connected to a singl_ 
fuel cell or a plurality of fuel cells. Preferably the CHHE is of a plate-and-frame type or 
multiple plate-and-frame design, although other structures, such as. for example, a jeUy- 
roll configuration or tube bundle configuration may be used. 

In aprefeitcd embodiment of the invention, a separately housed modular CHHE 
is used tiiat can also optionally be installed in direct flicnnal contact with a fuel cell stack. 
In this way. ttie CHHE abo benefits ftom the heat produced by the fuel cells in the stack. 
Preferably the CHHE contacts and can receive heat from each fuel cell in the stack. If a 
CHHE is installed as a module, detachably connected to the stack, it can be easily 
removed and replaced if servicing is required, without disassembling the fiiel cell stack. 
In another generally less preferable embodiment, a CHHE may be incorporated between 
the end plates (but not between the bus plates) of tiie fiiel cell stack. 

As mentioned above, certain design features of a CHHE are advantageous insofar 
as water vapor transfer and also heat transfer efficiency are concerned. For instance, a 
CHHE can comprise flow channels for tiie supply and exhaust streams. It can be 
advantageous for flie depfli of flie chamiels in eitiier tiie supply stremi chamber or tiie 
exhaust stream chamber to be in tiie range from 0.05 to 0.25 centimeters (0.02 to 0. 1 
inches). A perfluorosulfonic acid membrane about .018 cm (about O.O07 inches) thick is a 
suitable water permeable membrane for a CHHE. 
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in the embodiments described above, the reactant gas supply and exhaust stream 
may be an oxidant stream, such as for example an oxygen-containing gas stream, m st 
preferably air. or may be a fuel stream, such as for example a hydrogen-containing gas 
stream. In preferred embodiments the heat-and humidity exchanger is used for gaseous 
oxidant streams, and a CHHE is used to humidify and adjust the temperature of an air 
stream supplied to a solid polymer fuel cell. 

Thus, it is possible to exclusively use an exhaust stream from a solid polymer fuel 
cell to heat and humidify a reactant stream supplied to the fuel cell via a membrane 
exchange apparatus, without the need to condense and collect water from the stream for 
subsequent use for humidification. As described above, an exhaust stream, which has 
been heated during its passage through the fuel cell may be used to heat the supply 
reactant gas stream. Gptionaiiy. heat generated by the fuel cell is also used to directly 
heat the reactant supply stream before it enters the fuel cell. Thus, the heat and water 
vapor generated by the exothermic reaction in the fuel cell is used to directly heat and 
humidify a reactant supply stream, which can reduce or eliminate the need for 
conventional pre-heating and humidifying systems. 

Brief npxrriprtnn nr yht, nr^y jnc^ 

Figure 1 is a schematic diagram illustrating an embodiment of a solid polymer 
fuel cell system in which an exhaust reactant stream from a fuel cell stack is used to 
humidify and adjust the temperature of a reactant stream supplied to the stack. 

Figure 2 is a schematic diagram illustraHng the flow path of the air stream in a 
solid polymer fuel cell system including a solid polymer fiiel cell stack in contact with an 
embodiment of a modular combined heat and humidity exchanger (CHHE). 

Figure 3 is a perspective view of a solid polymer fuel cell stack in contact with an 
embodiment of a modular CHHE. 
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Figure 4 is an exploded perspective view illustrating the fluid stream inlet and 
uUet p rt connecti ns between the stack and the modular CHHE of Figure 3. 

Figure 5 is an exploded perspective view of a single platc-and-ftame membi«ie 
exchange assembly which can optionally be used to construct a multiple plate-and-fiame 
CHHE stack. 

Figure 6 is a schematic Ulustration of a CHHE comprising a stack of multiple 
plate-and-fiame assemblies, the CHHE employing three membrane layers and resilient 
separator plates with different fluids supplied to opposite sides of the plates. 

Figure 7 shows an illustration of an alternative CHHE based on water 
adsorption/desorption principles rather than water permeable membranes for purposes of 
heat and humidity transfer. 

Figure 8 shows aplot of the normalized flux versus residence to diffusion time 
ratio data for a CHHE of Example 1 . 

Petnf l «< PffsrriPtion Of The Preferr,^ y».h^ ,i, mfnf [ 

The present fuel cell system employs a solid polymer ftiel cell and a combined 
heat and humidity exchanger (CHHE) for heating and humidifying a reactant gas supply 
stream. In preferred embodiments, a CHHE comprises a water permeable membrane. The 
supply stream flows through a CHHE on one side of the membrane and an exhaust stream 
from the fuel cell flows the CHHE on the other side of the membrane. While either the 
fuel or oxidant exhaust stream can be used in principle, the latter typically contains more 
water and is thus a preferred choice. (Typically the oxidant exhaust stream is saturated 
with water vapor and additionally contains liquid product water. Thus, while the oxidant 
exhaust stream is primarily a supply of water vapor, there is some liquid waterpresent as 
well.) Further, while either or both of the fuel or oxidant supply stream can be heated and 
humidified in a CHHE. the oxidant stream is generally the selected stream. Often, the 
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fUcl supply st^am is iiAerentty humid as supplied ( .g. if generated by a reformer) and. 
m fact, certain fuel cell systems can pcratc without humidified fuel supply streams. 

In a CHHE. water vapor from the hot exhaust gas is transferred across the 
membrane due to a difference in partial pressures of water between the two streams Heat 
IS also transferred. Most of the heat energy imparted to the supply stream is actuaUy 
associated with the water component transferred to it fiom the hot exhaust stream. In 
addition, most of the heat associated with the water vapor in the hot exhaust stream is 
retained during the transfer across the membrane. Thus, most of the desired "heating" of 
the supply stream is actually accomplished simply by the mere exchange of warm water 
vapor. Of course, heat is also exchanged across the membrane itself. And. if desired 
useful heat can also be obtained fiom the operating fuel cell via thermal contact of th- 
CHHE with the fuel cell. 

In order to obtain efficient transfer of water vapor and hence heat, certain features 
of CHHE construction and certain operating parameter,! of the system are of particular 
importance. The following considerations have been provided as a guide for designing 
and operatmg a fuel cell system in accordance with the invention. However, those of 
ordinary stall in the field will appreciate that the design of any fuel cell system involves 
multiply dependent parameter, and it is often hard to predict what net effect a variation of 
one parameter will have on another. Thus, it should be expected that some 
experimentation will be required in order to optimize a CHHE and its operational 
parameters for any given fuel ceU system. 

Clearly, the rate of water vapor exchange will depend on the membrane material 
used and its thickness. While thmner membnmes with higher water exchange rate 
characteristics are desirable, the reactant type and the desired operating temperature ar:d 
pressure conditions in a CHHE will constrain to some extent the options available here 
Further, it becomes impractical to consider embodiments if the required membrane 
surface area is excessive. 
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In a CHHE. there is a water vapor concentration gradient across the membrane but 
also between the gas fl wingnextt the membrane and the fiec stream gas. Shallow 
flow chamicls in the supply and exhaust chambeis are desirable in order to reduce the 
tune required for moisture to diflRise into, or from, the free stream gas. Herein, the 
diffusion time for a given chamber in a CHHE is defined as the time it takes a water 
molecule to diffuse over a distance equal to the depth of a flow channel in the chamber 
The supply stream flow channel depth is of particular importance since the selected 
exhaust stream generally is a saturated oxidant exhaust stream containing some liquid 
water, which has a small water vapor concentnition gradient therein compared to the 
giadient in the supply stream. Note, however, that having shallower chamiels in a CHHE 
undesirably incn^ses the pressure drop of a stream through the channels and thus a txade^ 
off must be made between rate of water transfer and pressure loss. 

nie mean time that a molecule of water spends in a given chamber in the 
humidity exchanger is also of particular importance to the exchange rate (the greater the 
tune, the greater the exchange). Herein, this mean time is denoted as the residence time 
and IS a fanction of the number, length, and cro«.sectional area of the flow chamiels as 
well as the stream volume flow rates. While having greater length and/or width flow 
channels increase, residence time, this inherenUy requires greater membrane surface 


areas 


Without being bomnj by Ih«»y. we tave fbami a-t i, c» be preferable to select . 
CHHE design «rf ,y,^ j,,,^ ^ „l.,i.„djp ^ 

re„de„ce time „4 diiiUri™. tin,.. H«,in. di„^onle« p.™„e.« R for . gl™ 

cb«nberinaCHHEi, defined .stber^i. Of resido-ce time divided by difiusion time for 

av^termolecule in thatcl.«nber.Foracb™b.roompHsing„cha™els with dimensions 
on, w. and d f„ channel tag*, width, and depth respectively, the diflusion tin,e in that 
dumber is given by d'/D whe« D is the diflusivity of water in air (0.22 cm' / second) 
The flow to the ch«nber (volume per unit time) is generally laminar in the range of 
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intecest and is denoted by V here. The residence time in that chamber is then given by 
(n*l w*d)A^. R then is given by (D n l*w)/(V*d). 

To obtain the greatest flux of water through the membrane in certain GHHEs. the 
ratio R for the flows in the chambers was preferably found to be between about 0.75 and 
3. The water flux drops ofifshaiply for Rvalues below this range. Above this range, the 
observed flux may increase but only slightiy. (Note that in Figure 8 foUowing. the 
observed flux appears to decrease slighUy for R values greater than 1 over the measured 
range. Generally however. R can be expected to increase somewhat above values of 1 . 
This has been observed in other situations. Again however, the increase is not as 
pronounced as it is below about 0.75.) However, larger R values imply greater pressure 
drops in the chamber channels. In turn, greater pressure drops imply a need for a higher 
pressure gas supply. This is generally undesirable and can be an unacceptable 
requirement for portable fiiel cell appUcations operating near ambient pressures. Further, 
a need for a hi^er pressure air supply can result in a corresponding increase in the 
parasitic power required to compress the air. Thus, as a practical consideration, it can be 
desirable for the system to have R values for each flow in each chamber to be i„ the range 
of about 0.75 to 3. 

An advantage of the present approach is that the exchange in a CHHE can be 
largely self-regulating. For instance, when the oxidant supply stream is humidified by its 
own exhaust, the amount of water exchanged is a fimction of the oxidant supply stream 
flow rate which in turn is generally controlled to be proportional to the fiiel cell reaction 
rate. 

Preferably, the CHHE is extemal to the fuel cell and is easily separable therefrom 
for purposes of maintenance and servicing. Further, the CHHE is preferably modular. 
Thus, in the event that the CHHE were to have a shorter lifetime than the stack, it can be 
easily replaced. Membranes in conventional applications may ultimately need 
replacement as a result of accumulated ionic contaminants, however, since pure fuel cell 
product water is all that passes through exhaust chamber of the instant CHHE. the useful 
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life of the membrane may be extended in this regard. Further, unlike conventional liquid- 
cooled fiiel cell systems, no de-ionizing loop is necessaxy in the instant system. 

Figure 1 shows schematically a solid polymer fii 1 cell stack 100 with a reactant 
gas stream inlet port 1 10 and reactant gas stream outlet port 120. The flow path 130 of a 
5 reactant stream supplied to fuel cell stack 100 at inlet port 1 10 is shown schematically, as 
is the flow path 140 of an exhaust reactant stream exiting the fuel cell stack 100 at port 
120. In an operating fiiel cell system in which the fuel cell electrochemical reaction is 
exothermic and produces water, the exhaust reactant stream will be wamier and have a 
partial pressure of water vapor higher than the supply reactant stream. The supply 

10 reactant stream and exhaust reactant stream are directed through a CHHE 200, on 
opposite sides of a water permeable membrane 210, preferably in a counterflow 
configuration as shown in Figure 1. whereby heat and water are transferred from the 
exhaust reactant stream to the supply reactant stream. Preferably the supply and exhaust 
reactant streams directed through the CHHE 200 are both oxidant streams. However, in 

1 5 principle, either exhaust stream could be used to humidify either reactant gas supply 

stream, provided the membrane 210 is substantially impemieable to the fuel and oxidant. 

An optional reactant supply bypass path 150 and valves 160 (alternatively a single 
3-way valve) may be included so that the reactant stream can be supplied to the fiiel cell 
stack without passing through the CHHE module 200. This may be advantageous, for 

20 example, prior to system shut-down when it may be beneficial to purge the stack 100 with 
dry oxidant gas, or periodically during operation, for example, if flooding of the 
electrodes occurs. Of course, the bypass path could instead be configured so that the 
exhaust stream bypasses the CHHE module 200, 

In schematic Figure 2, a solid polymer fiiel cell stack 300 is shown in contact with 

25 a CHHE module 400. A membrane 410 divides CHHE module 400 reactant gas supply 
and exhaust chambers 420 and 430. CHHE membrane 410 is made from a material 
which is thermally conductive and water permeable but substantially gas impermeable. 
Suitable membrane materials include cellophane or pcrfluorosulfonic acid membranes 
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such as Nafion®. which aUow the passage of water vapor but ate substantially 
imperm able to oxygen and hydrogen. 

An air supply conduit 325 is connected to the reactant gas supply chamber 420 of 
the CHHE module 400. The air supply is directed through the reactant gas supply 
chamber 420 of the CHHE module 400. fiom which it is directed to the fuel cell stack 
300 via an air inlet conduit 330. After the air has completed its passage through fuel cell 
stack 300, it is directed via air outlet conduit 340 to the exhaust chamber 430 of the 
CHHE module 400, exiting the exhaust chamber via air exhaust conduit 345. 

In an operating fuel cell system in which the fuel cell electrochemical reaction is 
cxothennic and produces water, the exhaust air stream wiU be warmer and have a higher 
partial pressure ofwater than the supply air stream. Tlius. when the air supply and 
exhaust streams are directed through reactant gas supply and exhaust chambtts 420. 430 
respectively, the supply and exhaust streams are in contact with opposite sides of 
membrane 410 (preferably in a substantially counterflow configuration as indicated in 
Figure 2). Heat and water are transferred fix>m the exhaust air stream to the supply au^ 
stream as indicated by the arrows numbered 490. The product water is thus used to 
humidify the air supply stream, therefor no additional source of purified water is required 
m the fuel cell system for this purpose. This is particularly advantageous in airMX>oled 
fuel cell systems, or systems in which water is not provided for cooling or other 
functions. 

CHHE module 400 may be placed in direct theraud contact with fuel cell stack 
300 so that, in operation, heat emanating from fuel cell stack 300 contributes to heating 
the air supply stream passing through CHHE module 400. In this regard, preferably the 
reactant gas supply chamber 420. through which the cooler air supply stream is directed, 
is placed closer to the stack 300. It is advantageous that the stack and the exhaust air 
stream which are used to heat the air supply stream are at the stack operating temperature, 
as it is desirable to bring the temperature of the air supply stream as close as possible to 
the stack operating temperature. 
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The flow passages through the two chambers 420 and 430 can be configured and 
designed to enhance the transfer of heat and water vapor from the oxidant exhaust stream 
to the oxidant supply stream, and thereby improve the efficiency and effectiveness of 
CHHE module 400. In one embodiment of the invention, the CHHE module 400 may 
use a plurality of parallel flow chamiels in the two chambers 420 and 430. To reduce the 
overall length of CHHE module 400. the channels may be configured in a serpentine 
pattern. One type of serpentine pattern is defined as a flow pattern where the direction of 
the flow reverses 180 degrees between parallel channels divided by a common chamiel 


wall. 


Generally there is a temperature gradient in an operating fiiel ceU stack. A coolant 
supply conduit 390 and coolant outlet conduit 395 for directing a coolant fluid through 
the stack 3GG are illustrated in Figure 2. Often the stack temperature wiU increase in the 
coolant flow direction. It can be advantageous to orient the CHHE module 400 on the 
stack 300 so that the supply reactant air is directed through the reactant gas supply 
chamber 420 ftom a region of the chamber located closer to a cooler portion of the stack 
300. to a region located closer to a warmer portion of the stack 300. Correspondingly, the 
exhaust reactart air is preferably directed through the secondary chamber 430 from a 
region of the chamber located clos er to a warmer portion of the stack 300. to a region 
located closer to a cooler portion of the stack 300. 

A fuel stream supply conduit 370 and fiiel stream outlet conduit 380 for directing 
a iuel stream to and from the stack 300 are also UlustiBted in Figure 2. 

Figures 3 and 4 illustrate an air-cooled fuel cell system comprising a CHHE. A 
plate-and-frame type CHHE module 600 is located in direct themial contact with fiiel cell 
stack 500. An air stream enters the reactant gas supply (lower) chamber of CHHE 
module 600 through CHHE air supply inlet port 610. Figure 4 shows how fiiel cell air 
supply inlet port 5 10 on fiiel ceU stack 500 is connected to CHHE air supply outlet port 
620 of CHHE module 600. to receive humidified and pre-heated air from CHHE module 
600. Fuel cell exhaust air exits stack 500 at fiiel cell outlet port 520 which is connected 
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to exhaust inlet port 630 of the CHHE module. Wann. exhaust air is directed through 
«haust (,^er) chamber of CHHE module 600 exiting at CHHE exhaust ouUet port 640. 
In operation, cooling air is durected through channels 550 which extend between opposite 
&ces of Stack SCO. 

Many different membrane exchange humidifier constructions can be used for a 
CHHE. The foUowing are illustrative of some of the possible choices. 

1) Plate-and-frame 

Figure 5 depicts an exploded view of a single plate-and-fiame membi«ie 
exchange assembly which can optionally be used to construct a multiple plate-and-fiame 
CHHE stack. Water permeable membrane layer 710 is interposed between resilient plate 
720 and resilient plate 730. Plates 720 and 730 contain opeirings which are aUgned with 
openings m membrane layer 710. When these components are stacked one on top of the 
other, the openings form internal fluid manifolds for supplying and exhausting fluid 
streams to and from plates 720 and 730. Manifolds 740 and sealing ridges 780 may be 
molded into plates 720 and 730 around the openings as shown such that each manifold 
740 seals against a corresponding scaling ddge 780 when assembled. Manifold ports 750 
in the manifolds 740 allow the fluids to enter the fluid passages on the plate surfaces and 
vice versa. Continuous sealing depression 760 and sealing ridge 770 circmnscribe the 
perimeters of a major surface of plate 730 and 720 respectively. Membrane layer 710 is 
pressed and sealed between sealing ridge 770 and sealing depression 760 when 
assembled. A compression mechanism (not shown in this Figure) is used to maintain a 
compressive load on the components of the plate-and-fiame assembly in order to provide 
fluid tight sealing. 

The fluid passages formed in the major surfaces of plates 720 and 730 may be 
arranged as separate chamiels to more evenly distribute the respective fluid streams to the 
entire exposed surfece of membrane layer 710. For example. Figure 5 shows plate 720 
with Its major surface divided into two parallel channels 710a and 7l0b by divider rib 
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715. Divider rib 715 is pressed against the thin membnme layer 710 to reduce the 
potential for causing damage thereto. It is beUeved that use of non-linear and non-ahgned 
divider ribs can reduce the shear forces applied to the thin membrane layer when the 
components ai« compressed. Thus, divider rib 71 5 may be provided with shallow bends 
m alternating directions as shown in Figure 5. And, the shallow bends in the divider rib 
715 of plate 720 can be opposite to the direction of the shaUow bends of plate 730 such 
that divider ribs on each plate ate not generally aUgned. 

2) Multiple plate-and-frame stack 


The plate-and-fiame assembly illustrated in Figure 5 may be stacked with other 
plate-and-fiame assemblies to increase its capacity by increasing the membrane surface 
area which is exposed to the fluid streams. For instance, in Figure 5. fluid channels 710a 
and 710b may be suitably formed on both sides of plates 720 and 730 so that fluid 
streams may be directed to both major surfaces of the plates, thereby doubling the 
membrane area per plate. A pluraUty of plates may then be stacked one on top of die 
other with membrane layers and im^erts interposed therebetween in order to make a 
multiple plate-and-frame CHHE stack. 

Figure 6 schematically shows a possible stack arrangement and flow pattern for 
such a CHHE. Therein, exhaust and supply streams 800 and 810 are supplied to a CHHE 
compnsmg a stack of plate-and-fiame assemblies and th«e membrane layers 820 
interposed between four plates 830. Membrane layers 820 and plates 830 are shown in 
end view (i.e. the major surfaces of these components are not shown). A solid line in the 
middle of plates 830 represents how plates 830 are divided into two halves with different 
fluid streams flowing on opposite sides of plates 830. Streams 800 and 810 are directed 
to respective fluid channels fomied in the major surfaces of plates 830. Streams 800 and 
810 are separated by plates 830 and membrane layers 820. TTie fluid chamiels may be 
vertically oriented as illustrated, with exhaust stream 800 entering the plate-and-fiame 
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assonbly fiom the top and flowing downwaids and supply stream 810 entering fiom the 
bottom and flowing upwards. Accordingly, in Figure 6. exhaust and supply streams 800 
and 810 flow in generally opposite directions. 

A drain 840 may be provided for recovering condensed water fiom the exhaust 
stream. Drain 840 is sealed to prevent gaseous components from exiting through the 
diain. Liquid water recovered by drain 840 may be used for other purposes. The stack of 
plate-and-fiame assemblies are interposed between two compression plates 860. 

3) Tubular bundle 


In principle, a tubular bundle construction can be used in a CHHE- S«rh 
constructions comprise a hvn6le of membrane tubes or pipes that have been surrounded 
by 5eal«t at the ends and then are encased in a sheU. One of the supply and exhaust gas 
streams is then directed through the membrane tubes while the other gas stream is 
directed around the membrane tubes within the shell. Such constructions are 
commercially available. For instance, gas dryers using Na£ionT« membrane tubes arc 
available fiom PermapureTM . Nafion- however is not dimensionally stable with respect 
to temperature and humidity variations and thus Nafion™ may not be a preferred 
membrane material in such constructions. More dimensionally stable membranes may 
therefore be. Further. commerciaUy available gas dryers typically employ nanow bore 
tubes (< 1 mm). In many fuel ceU system appUcations. the pressure drops resulting from 
the typical flow through such narrow bore tubes would be too high and may be unsuitable 
particularly for systems employing near ambient pressure air. However, tubular bundles 
employing larger bore tubes may be suitable. And. conventional narrow bore tubular 
bundles may be suitable in systems where larger pressure diops are not so important 
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4) JeUy roU 


Amaabrane-basedOfflEcanalsohavcajcUyiolltypeofcoiurtmctio^^ An 
ocemphuy construction uses a suitable water peimeable membrane sheet which is 
sandwiched between two laye« of gas penneable. open ceU foam which aie in tum 
sandwiched between two gas impenneable sheets. Seals axe provided at the edges 
between the membrane and each gas impermeable sheet (e.g. using bands of gas 
impermeable closed cell foam). Thus, chambers for the CHHE are defined by each edge- 
sealed gas impermeable sheet. Gas inlets and outlets for the supply and exhaust gas 
streams are provided at suitable locations in the seals and the sheet sandwich is rolled up 
mtoajellyroll. ^ejelly roll is then placed in a housing and appropriate comiectionsa^ 
mane to the gas inlets and outlets to complete the assembly. 

The jeUy roll construction results in a compact CHHE with relatively high 
membrane suifece area. However, as in the tubular bundle construction, it is preferable to 
use a dmiensionally stable membrane, otherwise it can be difficult to obtain satisfectory 
sealing to the membrane. 

In an alternative approach, CHHEs comprising water adsorbent materials rather 
than water permeable membranes can be used. In principle, water and heat can be 
extracted from an exhaust stream of a fuel cell by passing the exhaust stream over a 
suitably selected, high surface area, water adsorbent material. Water and heat from the 
exhaust stream can then be introduced into a reactant gas supply stream by now passing 
the supply stream over the water adsorbent material, wherei^on the water desorbs into 
the supply stream. Ihe flows of the exhaust and supply streams in such a device alternate 
over a bed of water adsorbent material. 

One possible construction of such a device comprises two beds of water adsorbent 
matenal in separate housings. At any given time, the exhaust and supply streams flow 
through different beds. Periodically though, an automated flow control system is used to 
switch the flow of each stream over to the othbr respective bed. Thus, each bed is 


CA 02242176 1998-06-30 

-22- 


10 


alternately exposed to the exhaust and supply streams. 

Figure 7 shows another example f such a device which uses a revolving wheel 
filled with suitable water adsorbent material. Therein. fiUed revolving wheel 902 
«volvcsonaxle903. Exhaust stream 901 (flow direction is indicated with an arrow) is 
duected through an upper portion of the revolving wheel 902. Supply stream 904 (the 
preferred counterflow direction is indicated with an arrow) is directed threugh a lower 
portion oftherevolvingwheel 902. Dynamic gas sealing of the exhaust and supply 
streams is made by conventional couplings 905 and 906 respectively (one exhaust 
coiqiling not shown in Fig. 7). 

The following examples have been included to iUustrete different embodiments 
and aspects of the invention but these should not be c«istnied as limiting^ any way. 

Example 1 

An air-cooled soUd polymer fuel cell system was assembled. TTie hydrogen fuel 
-pply was not humidified nor heated. However, the oxidant supply was humidified and 
heated pnor to entering the fuel cell stack. The exhaust oxidant stream was employed as 
the hot. wet stream in the combined heat and humidity exchanger (CHHE) used to heat 
and bumidify the oxidant supply. 

The ana was modular and of . single membmie, dual seipenline cl«nnel. 
countercn^n, flow, plate-and-fan,. type of constmction «■ shown in Figun» 2 to 4 
That .s. .here was only one «.pply .nd one flow field plat, on e«* side of the 

w«er penneri,le n.emb«>e. Each of the supply and oxidant Hows were split into two 
flow ch«»els (dual channeU) and travc^d a se.p«,U„e path i^ide me CHHE module 
11.e wall sq»„«ing e«* p.ir of flow eh«,„* served as a membrane supporting Hb 

Nafion n7(«n.iv.l=ntweightllOO.thiokness7mi,s)„„usedas.hemembnu,e 
Tbe «aive (i.e. ere. av«|able for water t™,spo„ which doeso't include the area 
masked by a., .upportine ribs) of the membnu>e was about 90 cm' (14 in'), Tbe length. 
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width. and depth of the flow chaimels were about 60. 0.78 and 0.25 cm (22. 0.31. and 0.1 

inches) respectively. 

Th^ foel cell stack was sized to provide 100 W of power. Dry hydrogen was used 
as the fiiel supply at a flow rate which matched consumption. The oxidant supplied was 
ambient air (approximately 20 • C and with a 10 - C dewpoint) at a flow rate of 6 
L/minute at a power tatii»g of 95 W. The flow rate of the oxidant exiting the fuel cell 
stack and entering the CHHE was about 5.4 lyminute as a result of the consumption of 
oxygen in the fuel cell reaction (supply/exhaust air volume ratios of about 0.9 are typical 
for fuel cell operation wherein twice as much oxygen enters than is required by the fuel 
cell reaction). 

The oxidant exhaust entering the CHHE was at about 65 "C in temperature. The 
oxidant exhaust comprised sufficient water in both the liquid ami gas phase to have a 
dewpoinl of about 69' C. The heated, humidified oxidant supply stream was measured to 
be at 53- C and to have a dewpoint of 51- C upon exiting the CHHE. TTius. the oxidant 
supply had been substantially heated and humidified. 

Under these conditions, the air-cooled portable fuel cell system was able to 
deliver 100 watts for over 1000 hours with no deterioration in performance whereupon 
testing was stopped. The CHHE therefore appeared to adequately heat and humidify the 
oxidant stream for practical operation of the fiiel cell. 

The residence to diffiision time ratio. R. for water in the supply chamber of this 
CHHE under the above conditions is calculated to be about 0.76. R for water in the 
exhaust chamber is calculated to be about 0.84. In a laboratory test station, the 
perfomiance of this CHHE was further quantified under different conditions. By varying 
the flow rate of the oxidant stream, the residence time could be varied at constant channel 
depth (and hence constant difiiision time). Figure 8 shows a plot of the observed 
nomialized flux through the membrane in this CHHE versus the varied residence to 
diffusion time ratio in the exhaust chamber. (Normalized flux values were obtained by 
dividing the observed water flux rate by the mean velocity of the oxidant exhaust stream ) 
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The nonnalized flux is seen to incnase significantly as R increases up to a value of about 
1. For higher values of R. the nonnalized flux does not increase significantiy. 

Example 2 

In the CHHE of Example 1. it was confirmed that the pressure drop was relatively 
small in the flow fields themselves (compared to pressure d:x)ps elsewhere in the system). 
As a result, the flow chamiel depth could be reduced somewhat, thereby undesirably 
increasing the pressure drop sUghtly but desirably increasing the efficiency of the water 
transport. In this Example, a CHHE was therefore employed with shallower flow 
chamiels than Example 1. Tte modular CHHE employed a single membrane, multiple 
straight flow chamxels. countercmrent flow, and a plate and frame type of construction. 
Here, each of the supply and oxidant flows were spUt into 25 straight flow channels 
mside the CHHE module. The walls separating the multiple flow chamiels served as 
membrane siqiporting ribs. 

Again. Nafion 117 was used as the membrane and the active area was about 80 
cm' (1 1 in'). The length, width, and depth of the flow channels were about 2.6 (although 
several chamiels were shortened for other design reasons). 0.14-0.15. and about 0.02 
mches respectively (6.6. 0.36-0.38. and 0.05 cm. respectively). 

The characteristics of the oxidant exhaust entering the CHHE were about the same 
as in Example 1. However, the heated, humidified oxidant supply stream at the outlet of 
the CHHE was about C higher in both temperature and dewpoint. Thus, the heating 
and humidification of the oxidant supply had been improved. TTte residence to diffusion 
tune ratio. R. for water in the supply chamber of this CHHE under the above conditions is 
calculated to be about 2.6. R for water in the exhaust chamber is calculated to be about 
2.9. 

Again, under these conditions, the air cooled fuel cell system was able to dehver 
100 watts for over 2000 hours with no deterioration in performance whereupon testing 
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stopped. ThisaiHEalsoappean«itoadequatelyhcata„dhumidify«,c xidantstream 
for practical openti nofdiefu IccU. 


EnmpleS 

5 

An «r^led «,Ud polymer fuel cell aystcm wa. assembW as fa Eample 1 
except *«a» modular CHHEcn.ploycd.n.ultiplen.«„b™e.™«ip,.cs«^,y 
««u^t flow channels, counterament flow. ^ a multiple plale^d-ft«„c i™c of 

flow field plates audced be*,een multiple „e«b,«« rcpectively and m«U«6ld«l 
.og«l«rapp,opri«ely. A<lditi«,.]ly.cach.f,h..,pp,y^^, fl^^ 

Pl«e w«e spB, into multiple. stt^gbt. flow chamels. Agdn. «,e walls 

•q>«»tmg tl» flow chamieU served as membiane Bipporting riba 

Naflon U7w.,.g.mus«,.sU.= monb«,e. The active area of each m.mbr«i. 
w.s.bou.50cm'(7.7in'). Ute length, width, and depU, „fu« flow channels we„ 
•bout 15.8. 0.5. ^ 0.2 cm ^.ively (6X 0.2. and 0.08 inch., ^vely). Overall 
there were 4 channels per stream. 

The fuel cell stack was sized to provide 1500 W of power. Dry hydrog«, w«, 

- the fi.el supply a, a flow ^. to match consumption. Tl« oxidant supplied was 

ambient ..r (.pp„,xima.ely 20 . C and 10 . C dowpoin.) at a flow rate of 90 tTWnute 
^e flow ™,e Of mc oxidant exiting the ««l «U and «„eHng CHHE was about 

Thereside„ce,odiflbsiontim.mtio.R. fbrw«eri„ti.e supply ch^nberofthis 

25 « .0 be about 1, R fi„water fa ti.c exhaust 

3 Chamber is calculated to be about 1 .2. 

^•fr-««"»'««'«'l»y..emwasable.odeliver.500w.,UandHfctime.esti„g 
»«p.og„=ss. Softr.«.eCHHB.ppe,,s.oadcua.e,yhea.andhumidily.h.oxida.. 
-ream for p„cUcal opem«„„ o,U.c fte, cell. Further, only 3% of the g««„.ed 
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a very high efficiency. 

Example 4 

A B,uidw.,„^,ed solid poI,m«««l«a system compristog 25 kWftelceU 
«ack modules was consttucted «, « to d.Hv« w»xim.tely 75 kW of power (s„i.*,. 

forusei„.s™n.utomoM.).Rrfonncd™«ta™,„.,„,.j„a«faeI»pp,y«™„^ 
«d W.S tah««,y ^ ^ .,„„^ was used « U,e source of .«da„, 

g«. to com«rtion.I op««io„. a„ eo=»r«,.d dr w.. I^^dffied prior » en^^ 
«»IceIIby&«flowingi.*r„U(j,.e»„.fl^„^^^,^^_^g^^. ^ ^^^^ 

««BS flow p«pe„dicul« to one »oft=r). Warn, Uquid wat« ftom fte liquid cooling 

-.y««.w...sed.s«,.we,s,reami„U,en,embranehmnid,fier. TWs «rangemeo. 
pnmd«J fcr «Ie,ua,. humidification and headag of die oxidaM supply stoan, 

to accordance with the present .pp,o«*. «, experin»nt was perfonned using a 
s-nular n,embranc hunndifier bu, si«d for a 25 kW fltel cel. sysu». A sinnUated oxidant 
exhaust stream ftom a 25 kW fuel cell st«* moduli was comtected to the «»l«l 

memb^ne humidifier inplaceof.w.n„B,uidwat.,««am. lie oxidant supply sttcan, 
was now hmmdiii«, to d»u. a 45- C dewpomt. While no. ad«,„a.e for the specific 
automotive application, the oxidatt supply a™un h«l nonetheless been substantially 
hunnified using the exhaust stnam in a oom^ntional memb^e humidifier. Thus. th«e 
« m expect«ion that a membnme humidifier would be adequate if optimi«d for 

cper«io.ustoga,coxidan.exh.ust(e.g. by module siring, selection of mo^petmeable 
membrane, or reduced humidity lequirements). 

While particular elemeaU. embodiments ^ .pplicano„s of the presott mvention 
have been shown .„d described, i, will be nnd«aood. of course, that the invention is not 
hm..ed thereto since modifications may be made by those dcin«l in «,e art without 
dep^tmg ftom d« spirit and scope of the pres«,t disclosum, particularly in light of the 

foregoing teachings. 
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1- Amrthodferheaa^^dh^^i^g^,^ 

.) P"^'«^-«™binedhe«„di»cAUO,exctang.rco™pri«,«a.upply 
stteam duunte, .a oduius. ch«ri«r. «.d . water pomeable 
membrane separaMiig the two chambere; 

"P««««n of the feel cdl reactam gas tola pon: 

■nrough the exhaust stream chamben 

whereby water «,dhe..a..t™sfax«lli„m.he're,ca.,g« exhaust s.^.o the 
««et»t gas supply «,..„, .cross the water pemieable membnme. 

2. The m«hod of data 1 wherein the gas s-^ly strewn is an 
supply stream and the reactant gas «d»ust stream is sdected trom group 

consuung of a„ oxid«« exh««, .„d a ftel exhaust stream. 

3. ™-»«*odofd.m.2whereinthe.xid«,tsupplys,,«ma,saidinl..pon 
» at a pressure bdow about 300 mbar. 

4. ■"'■hodofclaim I wh«ein,h.re.c,ant gas exhaust stream is an ox,d«« 
s,«-n and the reactan. gss suppl, sueam is selects, ^.n, «,e group consistmg of 

"'««'"" »PP>y "ream and a fuel supply stream. 
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oxidant simply stream. 

«■ The method of claim 5 wha«„ fl,. fl^ ^ <,f 
KmtheM,geoffi»ma«,u,6to!10t«„„,e. K>'y*««m 

7. Thcm«h„dofcWn, 1 wherein U,er«>c.», gas «.pp,y„™„,.^a,. 
-^^^-d-uaa^a^di^cte-U^^^U^c^nWoedheB^ihumidi,^ 
macounteiflowconfiguraaon. •yoccnanger 

8. ^'-'*od.feWm I wh«d„tte flow me ofa»,na«.m g«, supply 

». ™« ofclatolwheremtte flow «,„fftereaaan,g,««h.^ 

"-m^^^fl^exhaas...,^ 


10. 

air-cooled. 


The meAod of elaim 1 »he,ein the «.lid polymer (hel eell i. e^„,y 


A solid polymer fuel „U toeludmg a solid polymer fcel cell aod 

^fcrhcaUngandhumidi^n..^.^^ ^ ^„ 

per. »a a reaeun. gas e.,^ ^ 

^-.-.^^ereacuntgessupply^ream isacomhined hea. and humidiiy exchanger 
3 consisting essentially of: * 
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10 


15 


Of m., c, ^ .o *c extau« s»«„ cH»*« 

«xh««s,r«„ch™b.rwh«by water „dh«,c.„be6»rf«^fi^. 
gas cxhaus. .0 tt. ^ ^ ^ ^ 

penneable membrane. 

sunnlvll .'^""'"""™"^""'^°f'='»tanwherei„tt.r«u:.an,na. 
oxidant exhaust stream. aucam is an 

13. The solid polymer fuel cell system of claim 1 1 wherein the supply stream 
<le|>thinihona,geftoin0.02to0.1mches. navmga 


14. ■n»-K1PoIyn,«iuc.c.nsy««nofcI.i„,Uwh«.i„fl„«h.„.,«^ 

S:rr """""'^ "^cco^ flow h.c 

dq.* m the range ftom 0.02 to 0.1 toches. ^ 


15. TkesoIidpolj^erfuelcdlsystanofeUim 1. wh.,ein«,.„«er 
P«meri,l. m«„bn>.,e is a pe,fl„o„»ulf6me «Md m«n w. 
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•30. 


16. n.e «>lidpolym.rl«elceU.,rten.ofcUto It wh«ei„u„w«er 
penneable memfcnne i, Aout 0.007 inchB thick. 

««l-fc»ne,jel]y„ll,.,rfM«b«ndIeconfigunitions. 
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